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SUMNARY

Sodiua channels and calcium channels from ret brain aeabranes, have been
incorporated into planar phospholipid bilayer membranea and charscterized elec-
trophysiologically. Currenta through single channel solecules (aingle channel
currents) wvera studied. The sodium channels vere activated by the neurotoxin
batrachotoxin, and were seslactive for sodium over potassium, cesium, and chlor-
ide. They cpened as the membrane was depolarized, and were blocked by nanomoliar
concentrations of the neurotoxina saxitoxin (STX) and tetrodotoxin (TTX). The
single channel conductance was 30 pS in syametrical 0.5 M NaCl, 0.1 =N CaCla.
Block of single sodium channels by STX was found to be dependent on the meabrane
potential with depolarizing potentials reducing the potency of STX block by as
auch as 50-fold. Both blacking and unblocking rate constants vere affected by
the membrsne potential: depolarization decreased the rate (probability) of

' channel block by STX and increesed the rate (probability) of unblock. These
sodium channela are responsible for depolarizing phsss of the action potential
in nerve and muacle cells and appear to constitute the sole site of action of
STX and TTX. Sodium channels in planar bilayers are blocked by both axternal and
internal calcium iona. Block by external calcium appears to ba competitive with
sodium suggesting binding to a common site. Block by external calcius is alaso
voltage-dependant with hyperpolarizing potentials favaring block. Some of the
effects of axternal calciua may be dus to binding at the STX binding site aince
treatment with trisethyloxonium (a carboxyl modifying reagent) eliminates STX
block (and binding of 3H-STX), reduces the degree of calcium block, and reduces

- . the single channel conductance by 30x. STX anc caelcium protect against modifica-
;o tion by TNO. Single calciua channels froa rat brain sembrane vasicles were alao
S incorporated into planar bilayera. The calciua channels vere selective for
calcium, barium, and strontium over monovalent cations and anions. The single
channel conductances for Ca**, Ba**, and Sr** were S pS, 8.5 pS, and S ps,
respectively, in symaetrical 0.23 M Ne**Clz. Neambrane depolarization increased
: the probability of channel opening and decreased the probebility of channel
’ closing. There was an apparent reciprocal relationship between the single chan-
nel conductance and the nean open liletime for the three perseant cations taest-
ed, suggesting a possible relationship between channel gating (voltage depen-
dence) and ion permestion. These calcium channels xay be tha pathways for cal-
- cium entry during stimulus-coupled release of neurotranamitter at synapses in
the central nervous systea.




FOREWORD

In conducting the research described in this report, the investigators
adhered to the "Guide for the Care and Use of Laboratory Animals,” prepared by
the Comnittee on Care and Uase of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council (DHEW Publication No.
(NIH) 78-23, Revised 1978).
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EXPERIMENTAL RESULTS

A. SPECIFIC AINS OF LAST PROPOSAL.

In this section of the report we summarize those Specific Aims of our
initial proposal (for 1 August 1982 to 31 January 1984) and for the revised pro-
posal (1 February 1984 to 31 Jsnuary 1983) that have been experimentally ad-
dressed during the term of this contract. Some specific aims of the original
proposal were dropped as explained in the Annual Reports September, 1983 and
September, 1984.

1. To explore [(severall) aspects of the molecular nature of the interaction
of the neurotoxins saxitoxin (STX) and tetrodotoxin (TTX) with sodium channels
froa mammalian central nervous systes.

During the firat year of the project, we developed the capability to study
and characterize voltage-dependent sodium chennels incorporated into planar
bilayers (Krueger et al., 19583). In the second year we expanded this prelim-
inary study to include the details of toxin block and ion permeation through
the cnannels. In particular both STX and TTX were found to block in a
voltage-dependent manner. Sodium permeation through the channels, block of
sodium permeation by divalent cationa, and the consequences of modification
of the STX/TTX binding site have been inveatigated. The results are summar-
ized in sections D - F (French et al., 1984).

2. To describe (saeverall properties of voltage-dependsnt calcium channels
from rat brain.

Ve have identified and characterized voltage-dependent calciur channels in
planar bilayers exposed to rat brain membrane vesicles The results are summar-
ized in section G (Nelson et al., 1984; Nelson, 1984; 1986).

3. To reconstitute and study sodium channels and calcium channels from
menmalian heart sarcolemma in planar bilayers and to ccapare their properties
with those of sodium and calcium channels from brain.

In preliminary experisents, we nave tentatively identified STX/TTX sensi-
tive sodium channels as well as & novel, rectifying cation channel in planar
bilayers axposed to rat heart sarcolesma membranes. To date no evidence for
heart calcium channels has been found. No additional progress has been made on
these cardiac channels as a consequence of our concentrating on the sodium and
calciua channel studies deacribed above.




B. RUBLICATIONS AND SCIENTIFIC MEETINGS.

Vork under this contract has reasulted in the following publications:

Krueger, B.K., J.F. Worley, 1III, and R.J. French. Single sodium channels
from rat brain incorporated into planar lipid bilayer aembranas. Nature
303: 172-175 (1983).

fFrench, R.J., J.F. Worley, 111, and B.K. Krueger. Voltage-dependent block
by saxitoxin of sodiua channels incorporated into planar lipid bilayers.

Biophysicel Journal 45: 301-310 (1984).

Nelaon, N.T., R.J. French, and B.K. Krueger. Single calciua channels from
rat brain in planar lipid bilayers. Nature 308: 77-80 (1984).

Nelson, M.T. Single calcium channels from rat brain in planar lipid bilayers. in
"Epithelial Calcium and Phosphate Transport: Molecular and Cellular As-
pects” in Progress in Clinical and Biological Research, Vol. 168, (F.
Bronner & M. Peterlik, eds.) A. Lisa, New York: 59-64 (1984).

Worley, J.F. Sodium channels in planar lipid bilayers: Effects of neurotoxins,
divalent cations, and chemical modification on ion persestion. Ph.D.
Thesis. (1985)

Nelson, M.T. Interactions of divalent cations with single calcium channels from
rat brain aynaptosomes. J. Gen. Physjol. 87: 201-222 (1986).

French, R.J., B.K. Krueger, and J.F. Worley. From brain to bilayer: Sodium
channels from rat neurona incorporated into planar lipid bilayers. From:
“Ioric Channela in Cells and Model Syatems”, R. Latorre, ed., 273-290
(1966).

French, R.J., J.F. Worley, M.B. Blaustein, W.R. Romins, K. Tam, and B.K. Krue-

ger. Gating of Batrachotoxin-sctivated Sodium Channels in Lipid Bilayer
Henbranes. in “Ion Channel Reconstitution“, C. Miller, ed., 363-383 (1986).

The following abstracts have resulted froa work on this project:

Nelson, N.T. and R. Reinhardt. Incorporation of potasaiums channels from rat
brain synaptosomea in planr bilayers. Biophys. J. 41: 36s (1983),

French, R.J., J.F. Worley, and B.K. Krueger. Unitary current fluctuations due to
saxitoxin block of sodium channels in planar bilayers. Bjcphys. J. 41: 142a
(1983).

Krueger, B.X., J.F. Worley, and R.J. French. Sodium channels from rat brain in
planar lipid bilayers. Biophys. J. 41: 142a (1983).

Nelson, M.T. Permeant ions sffect the conductance and open times of single
calciun channels from rat brain. J. Physjiol. 357: S8P (1984).

Lederer, W.J. and N.T. Nelson. Single Na-K channel current mesasurements from
calf heart muscle. J. Physiol. 337: 46P (1984).
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Worley, J.F. Sodium channels in planar lipid bilayers: Effects of divalent
cations on ion permeation. Bjophys. J. 45: 186a {1984).

Nelson, N.T. Single calcium chann~l current measurements from brain synaptosomes
in planar lipid bilayers. Abst.Soc. Neuroscience. 9: 508 (1983).

Nelson, N.T. Reduction of single calcium channel currents by lanthanua and
cadmiua. Biophys. J. 45: 395a (1984),

Nelson, M.T., R. Reinhardt, and W.J. Lederer. Sodium chanrnels from mammalian
heart muscle incorporated into planar lipid bilayers. Biophys. J. 45: 185a
(1984).

Nelson, N.T. and R. Reinhardt. Single ion channel current aeasuremanta from rat
brain synaptosomes in planar lipid bilayers. Biophys. J. 45: 60-62 (1984).

Krueger, B.K., J.F. Worley, M.T. Nelson, M.B. Blaustein, and R.J. French. The
planar bilayer: Studying atructure and function of ion channels. "Transac-
tions of the American Society for Neurochemistry" 16: 318 (198%5).

French, R.J., M.B. Blaustein, W.0. Romine, K. Tam, J.F. Worley, and B.K. Krue-
ger. Voltage-dependent gating of asingle batrachotoxirn-activated sodium
channels in planar bilayers. Bjiophys. J. 47: 19la (1985),

Nelson, M.T., J.F. Worley, T.B. Rogers, and W.J. Lederer. Magnesium blockade of
& cation-selective rectifying channsl from heart muscle. Bjophys. J. 47:
143a (198%).

Vorley, J.F., R.J. French, and B.K. Krueger. Interactions of divalent cations
with single sodium chennels. Biophys. J. 47 439a (198%5).

Nelson, N.T. Divalent cation interactions with single calciua channels from rat

brain: Evidence for two sites. Bjophys. J. 47: 67a (1985).

Staff members of this project attended the following meetings to
present the experimental results froa this project:

B.K. Krueger and R.J. French. Gordon Research Conferen.e on “Ion Channels
in Muscle and Other Excitable Tiassuea”, 8/82.

R.J. French, N.T. Nelson, J.F. Worley, Biophysical Society Meeting, S3San
Diego, CA, 2/83.

B.K. Krueger (invited speaker) Gordon Research Conference on “Nolecular
Pharmacology"”, 6/83.

R.J. French (invited speaker) Gordon Research Conference on “Call
Meabranes®, 8/83.

R.J. French (invited speaker) XXIXth International Physiological
Congress, Sydney, Australias, 8/83.
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R.J. French (presented plenary paper), 5.KX. Krueger, J.F. Worley, and NM.T.
Nelson, invited participanta in 4th Biophysical Discuasions on Ion Channels,

Airlie, VA, 10/83.

HN.T. Nelson, 13th Annual Neeting of the Society for Neuroscience,. Boston,
MA, 11/83.

R.J. French, M.T. Nelson, J.F. Worlay. Biophysical Society Meeting, San
Antonio, TX, 2/84.

M.T. Nelson, (invilad speaxer), Symposiun on “Calcium and Phosphate Transport
acrosa Biomeabranes'” Vienna, Austria, 3,84.

X.T. Nelson, meeting of the Physiological Society, Cambridge, UK, 7/84.

J.F. Worley, Attended (with fellowship) Cold Spring Harbor course on
“Advanced Electrophysiological Techaiques”, 7/84.

R.J. French (invited speaker) and B.K. Kruager. Gordon Research Ccnference
on “lon channels in muscle and othar excitable meabranes”, 8/84.

R.J. French, Invited lecturer at “International School on Ionic Channels"
Santiago, Chile, 11/84.

R.J. French, B. K. Krueger, J.F. Worley, M.8. Blaustein, M.T. Nelson.
29th Annual Meeting of the Biophysical Sociaty, Baltimore, MD, 2/8S.

B.K. Krueger, (invited speaker) Symposium on “Ion Channels in Bilayers™.
Sixteenth Annual Meeting of the Americal Society for Neurochemistry, Baltimore,
MD, 3785,

C. SQODIUM GHANNELJ IN PLANAR BILAYVERS.

During the first year of this contract, voltage-dependent s>dium channelas
from rat brain membranes (1) were incorporated int> planar phospholipid bilayer
Reabranes (2). The <channels were activated by batrachotoxin (BTX) on the side
opposite rat brain membrane addition (trans) and were blocked by saxitoxin (STX)
from the side of vesicle addition (cis). This allowed the assignment of the cis
side as the outside of the bilayer with respect to the channels. Both macroaco-
pic (multichannel) and single channel currents were studied. The single channel
conductance was 30 pS (30 x 1012 ohme~1l) in aymmetrical 0.5 N NaCl. STX blocked
with an apparent dissociation constant of about 4 nM. Stepwise, unitary current
fluctuationas were observed which were due to the blocking and unblocking of
individual sodium channels. Singli BTX-activated sodium channels were selective
for sodium over potassiua, cesiuam, and chloride. Hyperpolarizaetion favored
channel cloaing. Block of aingle sodium channels by STX was voltage-dependent
vith hyperpolarizing potentials favoring block. There is little doubt that theae
channels are identical to those that are responsible for the depolarizing phase
of the action potentiosl of narve cells and that are the only known site of
action of STX and TTX. Details of these resulta can ius found in Krueger et al.,
1983 (2). Several particularly interesting findings ceme out of this work. This
wes the first report in the literature of the successful incorporation of vol-
tage-dependent sodium channels into an ertificial membrane. By taking advantage
of the fact that in the presence of BTX, the channels sre nearly slways open at
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menbrane potentials of :60 aV, we demonstrated stepwise, unitary current fluc-
tuations due to the blocking and unblocking of individual sodium channels by
STX. This demonstrated for the firat time that block by STX is all-or-none, that
is, a channel is either fully open or completaly blocked by STX. Another inter-
eating result that is deacribed in more daetail in French et al., 1984 (3) is
that block by STX is affected by the meambrane potential with depolarizing poten-
tials reducing the potency of block by up to S0-fold.

All experiments on sodium channels reported here lLave been carried out with
channelsa incorporated into planar bilsyers formed from sclutions of phospho-
lipida (either phosphatidylethanolazine or phosphatidylethanolamine and phocpha-
tidyleserine) in decane as described in Krueger at al., 1983 (2). ¥embrane vesi-
cles, prepared from homogenates of rat brain, are added to one side of the
planar bilayer (the cis side) and channel incorporation monitored by observing
stenwise single channel current fluctuations with a potential applied to the
membrane. Unless otherwise specified, the solutions on both sides of the planar
bilaver contained identical electrolyte compositions (usually 500 aM or 250 =M
NaCl) end batrachotoxin (BTX) was present on the side opposite veaicle addition
(the trans aide). lonic currents throught single channels was recorded using
@ither a Yale Mark IV patch clamp or one of saveral homemade devices —onstructed
in our electronics ahop. With the membranes used in these studies (normally 0.25
am in diameter), we can record currents stepa of about 1 pA at 500 Hz or about
0.2 pA at about 100 Hz. These bandwidths place limitations on the resolution of
fast gating events and we are working on mathodologiea to reduce the membrane
aize in order to increase the effective recording bandwidth.

D. VOLTAGE-DEPENDENT BLOCK QF SODIUM CHANNELS BY SAXITOXIN AND TETRODOTOXIN.

Summary. Our preliminary finding (2) that the potancy of block of sodium
channels by STX varied with the membrane potential hecs now been investigataed in
detail. All experiments were conducted on bilayers containing only one or a few
sodium channels. The voltage dependence of STX block was evaluated from steady
state measuresents of the fractional block as a function of STX ccncentraticn
over a range of membrane potentiala. It was found that the diascciation constant
(K1) for STX block ranged from sbout 1 nM at -60 aV (near the normal resting
potential) to about SO nN at +60 uV. By avaluating the kinetic parameters of
unitary single channel fluctuvations induced by STX, we were able to detaermine
that depolarization decreased the blocking rate conatant and increased the
unblocking rate constant. At each potential, the K1 derived from kinetic para-
meters agreed well with the K1 obtained from steady atate determinatioans.

Voltage-dependent STX block was entirely unexpected. Several inveatigators
had previously conaidered the poasibility that STX or TTX block was voltage-
dependent (4-6) but in each case no evidence could be found to demonstrate
such an effect of voltage on block. One report (7) suggested that depolarization
of heart cells increased the potency of TTX block, however, the validity of the
experinental methods used to carry out those experiments have been queaticned
(8), and more recent studies have failed to confirm that finding (9). Aa summa-
rized above, our results demonstrate that depolarization reduces the potency of
STX block at lsast under the specific experimental conditions used in our exper-
iments.

A voltage-dependent process suggests that cne or more electric charges ara
interacting with the membrane electric field. The moat likely candidate for

13




thoas charges is the STX molecule itself which is & divalent cation under
phyaiologicel conditions. One possible mechenism is that the binding site for
STX lies inside the channel at a location within the zembrane electric field.
Thua block by STX, approsching =rom the outside, would be favored by negative-
inside (hyperpolarizing) potentials, making the potancy of block greater
(10,11). Our initjal results appeared to be consistent with this model. Haowever,
we have subsequently compared the actiocn of TTX, a monovalent cation, with the
divalent STX. The Ky’s for these two toxinas vary identically with voltage,
changing e-fold for a 40 mV change in voltage (Figure 1). Since the two charges
on STX are separated by only 3-4 A, it is highly unlikely that cne of theae
charges could penetrate into the transmesbrane electric field without the other.
Given identical effecta of voltage on the action of the toxins with charges of
+1 and +2, the voltage-depencence is unlikely to result from entry of the toxin
nolecuies into the transmembrane fisld. The voltage dependence must arise from
some common, voltage-dependent step in the binding and blocking reactiona,
perhaps a voltage-dependent conformationsl change in the channel protein jitself.

100

10

Apparent Dissoclation Constant (nM)

Voltage (mV)

Figure 1. The apparent dissociation constants (Kq’s) for TTX (filled
circles) and STX (open circles) are plotted as a function of membrane potential.
K4’s were calculated from the relation Kq = [TX1/:fb-! - 1) where fb (fraction
blocked) was detersined from single sndium channel current measurements in
planar bilayers.
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E. Chemical Modification of the STX Binding Site.

Many linea of evidence suggest thes’ an ionized carboxyl group located on
the acdium channal receptor is intimately involved in saxitoxin and tetrodotoxin
binding and block. Radiolabeled toxin binding sxperiments uaing membrane vesi-
cles (12) and intact excitable membranes as well as slectrophysiological recor-

inga (13) have demonatrated involvement of an acidic site (pKs about 3) in
toxin binding and block. These results suggeat that a carboxyl or phosphate
group might be intimately associated with the toxin receptor.

Modification of sodium channels by carbodiimide or trimethyloxonium tetra-
flunroborata (TNMO), two carboxyl side chain modifiers, have been shown to render
sodium channals insensitive to TTX (14). TMO, a more specific and aelective
chemical modifier than carbodiimide, haa been shown to inhibit toxin bhinding to
sodium channels irreversibly (12). In addition, Sigworth and Spalding (15) and
Spaiding (16) demonstrated that sodius currents in frog skeletal muscle are
inaensitive to tetrodotoxin after THMO modification. They also found that, fol-
lowing TMO modification, sodium currents were reduced, ion selectivity, as
determined from alterations in the sodium current reversal potential in the
presence of organic cations, waa unaffected, and the 1ensitivity of sodium
currenta to alterations in pH was reduced. These results demonstrated that the
toxin receptor site is distinct from the domains of the a>dium channel respon-
sible for ion selectivity and gating. This aection reports the effectas of chemi-
cal modification, by TMC, on sodium channels from rat brain incorporated into
planar lipid bilavers. Chemical modification was performed Ly the addition of
THO to the extracellular surface of sodium channels incorporated into lipid
bilayers. For 3H-STY binding experiments, TMO was added to the membrane vesicle
preparacion (P3). Sodium channela in the bileyer were characterized electri-
cally, before and after TNO treatment.

e e, A e 2

Effect of TMO modification on single sodium channel properties

Figure 2 illustrates the modification of singlu batrachotoxin-activated
sodium channalas by TMO. Scdium channels from rat brain were incorporated into
renbranes composed of PE with the identical solution composition on both sides
to minimnize asymmetries in membrane surface charge. Figure 24 shows & normal
sodium channel which displays many transitions between the open and cloased
states as shown by the brief closing events lasting up to a few tens of milli-
seconds, many of which are too brief to be resolved at the present recording
bandwidth (500 H2). These closing events reflect the voltage-dependent openings
and closings of BTX-activated channels. At -60 aV the channel remains open most
of the time (greater than 98%). These channels were selective for sodium over
potassium, and are sensitive to STX and TTX (2) Upon addition of STX (5 nM) to
the extracellular side, long lived “closing” avents due to toxin block are
observed. Note that the single channel conductanca before and after toxin addi-
tion is unchanged as shown by French, Worley, and Krueger (3). Toxin block is
clearly resolved as an all-or-none event, in contrast to the effect of less
potent blockers like calcium. These channels also diaplay voltage <“epencdent STX
and TTX block in which depolarizing potentials favor an unblocked state (3,21)
These resuits are consistent with toxin binding to a site located approximately
30-40x of the electrical distance of the transmesbrane field ‘rom the extracel-
lular surface.
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Figure 2B illustrates the consequences of TMO modification. Following
incorporation into neutrsl (PE) membranes, the channels were first characterized
with reapect to their single channel conductance and kinetic behavior to verify
normal sodium channel function. After TMO addition (50-60 mM), the single chan-
nel current at the same applied potential (-60 aV) was reduced by 3I7x. Moreover,
STX failed to block the channelas at a concentration (350 nk) which would normally
block unmodified sodium channels by over 96x at this potential. TUO modified
sodium channels were aiso insenaitive to TTX (100 nM). I have not deterained
whether toxin binding is completely lost or the affinity is grea:ly reduced,
hcwaver, the affinity for toxin would have to be decreased by at least two
orders of magnitude to account for this result.

Figure 3 illustrates the single channel current-voltags relationship Lefore
and after TMO modification. Note that the relationships are linear over the
voltage range studied and that TMO lowers the single channel cornductance from 25
+0.6 pS to 15.8 pS +0.3 pS. Hydrogen ions are produced when TNO reacts with
vater; one hydrogen ion is generated per molecule of TMO. Howeve:r, the linearity
of the current-voltage relationship shows that the buffering was adequate to
keep the pH constant. If the extrecellular pH had not been maintained, then
inward single channel current would have been roducod by the presence of hydro-

’gon. in a voltage-dependent manner.

Reduction of single channe]l conductance and toxin sensjitivity

When STX (1-10 n¥) was added before THO addition, alterations in channel
function were not obasrved (n=4 experiments). Siailarly, when two or more chan-
nels vwere in the bilayer, occasionally one was modified while the other was not
as illustrated in Figure 4. At 60 aV, a toxin unblocked state is favored for
norsal, unmodified STX sensitive sodium channels in which the K4 for block is
about 80 nM. At -60 aV block is much more potent and the K4 is about 2-4 nM (3),
Figure 4 shows a bilayer containing two sodium channels, only one of which has
been modified by THO. Note that the modified, low conductance sodium channel is
always unblocked and the single channel current is about 0.3 pA. However, the
unmodified sodium channel which is blocked and unblocked by STX has a single
cha.nel current of about 1.4 pA. If one were to extend this record to much
longer times the modified channel would never display the characteristic long
lived blocked and unblocked atates displayed by the unmodified channel in thia
bilayer. At -60 mV, the unmodified sodium channel is initially unblocked and
then blocked by STX very soor after the voltage step and does not become un-
blocked again. On the other hend, the THQ modified channel ia never blocked by
STX. This result, and others, (n=3) demonstrate that when a sodium channel was
nodified by TMO, both the reduced single channsl canductance state and toxin
insenaitivity vere observed and suggested that both of these physiological
consequences of THNO resulted from modification of a common site.

TMO reaction with water

A concern in these studies was that the by-products of the TMO reaction
with water (methanol and ether) were producing changea in sodium channel proper-
ties rather than the reagent itself. To test thia, TMO wvas allowed to react
conpletely with solutions bathing a preformed bileyer prior to addition of
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Figure 2A. A single sodiua channel was incorporated into a neutral (PE)
renmbrane in which the solutions on both sides of the bilayer contained 125 =M
sodium. The current fluctuations were recorded at -60 mV and the zero current
levels are indicated by an arrow so that upward current deflections represent
channel closings. In the absence of STX, the channel spant over 98% of the time
in the open, ion conducting state (top). When 5 nM STX was added to the extra-
cellulsr side (bottom), the channel was in the closed or blocked state most of
the time, with only infrequent openings as the STX molecule dissociated from the
blocking site.
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the same conditions as in A except that no STX was present (top current trace).
When THO (S0 mM) wvas added to the extracellular aide of the incorporated chan-
nel, the single channel current wvas reduced by 37x% (aiddle). When 50 nM STX was
added to the same side as TNO, there werse no long lived closing or blocking
avents as obsarved in A. The STX concentration was ten times higher in B than in
A. Note the difference in time scale for A. and B. These records vere filtered
at 150 Hz,
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(open circlea).

19




i

| S Y
+80 mV ’f”\'rﬂ."Mmem | | VE\'M&"—1

T T o

v
ot | -0
-60 mV )AMWWWWMM—1
—2

/ »

0.5 sec

Figure 4. Single channel current fluctuations from a neutral membrane
containing an unrodified sodium channel and a THO modified sodium channel. These
records were taken at 60 and -60 aV in the presance of 50 nM STX. For the
current record at the boitoa the arrow indicstes that the potential was changed
from O aV to -60 aV; note the decay in the cepacitative current apike. The open
statea (or levels) of the two channel typas are indicated at the right. The
larger conductance site diaplaya voltage-dependent block by STX, while the STX
inseneitive channel ia open most of the time. Note the STX block on the capaci-
tative tranaient vhen the voltage is steped to -60 aV.

20



biological aaterial. The pH was maintained at 7.0 by the addition of concen-
trated NaOH. Nembrane vesicles (P3) were then added, resultirng in incorporation
of normal, unmodified sodium channels which were STX sensitive and showed no
reduction in single channel conductance. Furthermcre, no detectable alterations
in any other functional properties were observed. This demonstrates that the
trimethyloxonium ion is necessary to aodify or convert single sodium channels to
e reduced single channel conductance state which is toxin insensitive.

In approximately 20x of the attempts to modify sodium channels, toxin
insensitive sodiua channels were not obsarved following addition of the carboxyl
aodifying reagent. Preaumably, this was due to the labile nature of the reagent
in aqueocus solution, particularly at room tempersture (about 24°C). The half
life of TMO in an aquecua solution is between 1-8 minutes at SOC and is very
teaperature dependent (16,17) In successful experiments, solid TMO, which had
been preweighed and stored at 4°C no longer then a few hours in a sealed test-
tube, was added to the extracellular side of the channel with brisk stirring.

Effect of extracellular calcium on sjinale channel gurrents

Divalent cations have oceun shown to influence sodium ion movement through
sodium channels in a variety of tissues. Figure SA shows the effect of extracel-
lular calcium addition on single sodium channel currents. Sodium channels were
incorporated into bilayar membranes composed of neutral phospholipids (PE) in
which the solutions on both sides of the bilayer were syametrical, and contained
less than 100 nM divalents. At -60 mV, the sodium channels were mostly open with
occasional fluctuations to the closed state. When 10 aM calcium was added to the
extracellular side of an incorporated sodium channel, the single channel current
was reduced by about 60%. Notice at the end of the record the current fluctua-
tions cease and the current level indicates that thc channel is closed. This is
due to the presence of a low concentration of STX (5 nM) which was added to
provide an unsabiguous deteraination of the single channel current aagnitude.
Thia calciua induced current reduction is presumably due to a rapid movement of
calcium ions into and out of a blocking site, located in the sodium channel,
producing a tims-averaged reduction in the single channel current.

In addition to current reduction, there is an effect of extrscellular
calcium on the channil’s activation kinetica. The sodium channel appears to
spend a greater asount of time in the closed, non-conducting atate in the
presance of exiracellular calcium. The effect of extracellular calcium on the
kinetic properties of sodiua channels has been described previously and was
expected.

The single channel current-voltage relationship before and after calciuam
addition are shown in Figure 3. As the membrane voltage is made acre negative,
the inward single channei current is reduced (blocked) from control levels by
calctun. There is greater current reduction at -90 mV (about 74Xx) than at -30 aV
(about 353%). Therefore, reduction of inward single sodiur. channel currents by
calcium is voltage-dependent, such that more hyperpolarized potentials favor
greater current reduction.

Table 1 shows the influence of voltage on the reduction of inward currents

by extracellular calcium. The apparent affinity (Kj) for calcium evaluated at
each potential has been celculated from the fraction blocked current (Fb) ob -
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Figure SA. Effects of extrascellular cslcium on single sodium chennels.
The single sodium channel was incoporated into a neutrel meabrane bathed by
sysmetrical 125 alM sodiuas solutions and the zero current levela are indicated by
the arrows. Single channel current flucuations wers recorded at -60 aV in the
abasnce (top trace) and presence of 1V sl extracelluler calciua (bottom). A
snell amount of STX waa added to the extracellular sclution upon addition of
calcium and is reaponsible for the long closing observed at the end of the
current record at t.he bottom.

22




{12.0 o
. I/
.
- / .
/

&

'

-100 -50 ~ 50 100

T T

Single Channel
Current (pA)

++ Voltage (mV)

Figure SB. The current-voltage relationship for sodius channela in the
sbsence (open circles) and presence (closed circles) of 10 aM axtracellular

calcium. Each point represents data collected from 6 experisents and the smooth
curve was dravn by evae.

23




tained froa the follosing relationship:
Ki = (Fb~1 - 1) » (Ca2") cees (1)

The more negative the membrane potential, the higher the apparent affinity for
calcium. By adopting the formalisa used by Woodhull (10), one can determine the
apparent voltage dependence of block, or fractiqgn of the fiald sensed by cal-
cium, from the following relationship

Ki(E) = Konexp(DzFE/RT) cvees (2)

wvhere Kj(E) and Ko are the calculated inhibition constants for calcium at the
indicated potential (E) and 0 mV, respectively, D ia the fraction of the applied
elactric field sensed by the divalent blocker, z is the valence of the inn, and
R, T, and F have their usual meanings. From the fraction of blocked current at
each potential the Ki can be determined from equation 2 (Table 1). These results
suggest that calcium binds to a site located approximately 23X of the electrical
distance from the extracellular surface and is in close agreement to the results
from cther studies on extracellular calciua addition (10),.

Table 1. Effect of voltage on extracellular calciuam block

E (aV) Fraction of current blocked Ki (aM)
-33.7 0.51 + 0.04 9.6 + 1.6
-63.7 0.64 + 0,03 5.6 =+ 0.9
-73.7 0.68 + 0,03 4.7 ¢+ 0.7
-83.7 0.71 ¢+ 0,02 4.1 + 0.5
-53.7 0.74 + 0,02 3.9 + 0.3
-103.7 0.79 2.6

* Data point was determined froam one membrane. All other values wvere
collected from 4-7 membranes.

Effects of calcium on STX block

Since STX is apscific for the sodium channel, it may be used as a tool to
study interactions of other agents or ions with the channel. Figure 6 illus-
trates the influence of calcium on STX block of a single sodium channel incor-
porated into a neutral (PE) membrane with sywmetric solutions. STX (10 nM) was
added to the extracellular side of the incorporated sodium channel. At -60 mV
the channel spends over 95X of its time blocked by STX. When 10 aN calcium was
added to both sides of the bilayer, the sodium channel, on the average, spent a
longer time in the open, unblocked state as indicated by the increased open (STX
unblocked) dwell times (Figure 6). This suggests that the on (or Llocking)
rete for STX is reduced in the presence of cslcium. Furthermore, the overall
frection of tise the channel spends in the unblocked atate is increased, indica-
ting that the overall sensitivity to toxin has been decreased. Also, the single
channel current wus reduced about 60X in the presence of 10 aM calcium (see
Figure 3 for comparison). Calcius was added symmetrically to avoid a change in
the time the channel spends in the closed state due to a shift in the voltage
dependence of channel gating as observed in Figure SA. Therefore, current fluc-
tustions between the open and closed state could be attributed to STX blocking
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Figure 6. Effect of calcium on STX block. A single sodium channel wvas
incorporated into neutral (PE) planar lipid bilayers with symmetrical 1235 aM
sodium and 3 nM STX only on the extracellular side. The current fluctuations
were recorded at -60 mV and the zero current levels are indicated by the arrows
80 that downward fluctuations in the current record are channel openings. The
current record at the top shows that the channel is blocked by STX over 90X of
the time, and bmcomes unblocked only briefly. When 10 aM calcium is added to
both sides of the membrane, the single channel current is reduced the mean
unblocked dwell time is increased and the channel spends a larger fraction of
the time in the open, unblocked state.
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and unblocking events, uncoaplicated by alterations in gating behavior. Similar
effects on STX block were obtained with calcium addition to the extracellular

side alone.

Table 2 shows the results of kinetic and steady state anaiysis of records
such as those of Figure 6. There is about a five-fold reduction in the on
(blocking) rata for STX and a small effect on the STX off (unblocking) rate.
Overall, calcium causes about a seven-fold increase in the apparent digsociation
constant for STX block deterained from either kinetic rate constants or steady
state fractional blick measurements. The extent to which the off rate for STX
block was altered in the presence of calcium varied from experiment to experi-
mnent, Given the small sample size of aingle channel current fluctuations between
the blocked and unblocked state (about 60), the confidence intervel is about 13-
20X thersfore, one must conclude that the off rate for STX was apparently
unaffected by calcium since the range of atandard errors of the means overlap,
8o that their differences are not significant. These results suggest that cal-
cium competes with STX for the blocking aite, thereby reducing STX affinity.

Table 2. Calciua influence on STX block.

(Cag2*} Kon Koff Kd (ni)

108 N-1 g-1 s-1 rate constant steady state
OmM 0.3°0 + 0.010 0.034 ¢+ 0.020 1.3 + 0.3 1.5 + 0.4
10 a¥  0.06% s 0.010 0.058 ¢ 0.020 9.6 ¢ 0.4 9.8 + 0.6

These deterainations were collected from three separate single channel
Reabranes.

Calcium jnhibits 3H-STX binding

3H-STX binding to membrane vesicles ('3) is also reduced in the presence of
calcium as shown in Figure 7. The double reciprocal plots illustrate a shift in
the K4, without asltering Vagx for binding. In these experiments, 10 =M calcium
caused a 5-6 fold increase in the dissociation constant for “H-STX binding, with
the characteristics of a competitve inhibitor. These values ere similar to those
obtained from 3H-STX binding experiments uader similar conditions. Therefore, it
appears that calcium can compete for the STX binding and blocking site.

Calcium and STX protect sgainst TNQ modificaetion

Competition between calcium and STX could be a manifestation of interac-
tions of the blockers with the sodium channel st separste sites. However, Figure
8 illustrates that both STX and calcium are sble to protect against TNO modifi-
cstion, presusably by binding to the toxin binding site. The reduction in the
nuaber of chemically modified STX binding sites occura in a dose-dependent
nanner which closely follows the potency for block by STX and calcium obtained
from single channel neassurements. As the STX or calcium {as increased, the nuaber
of 3H-STX binding sites recovered after TNO modificstion increases. The arrowvs
indicate the predicted occupancy of the ion, STX or calcium, as determined fronm
their effects on the single sodiua channels in the bilayer. The pasrallel between
the sensitivity, or potency of channel blockade by cslcium and STX end their
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Figure 7. Double reciprocal plr. of 3H-STX binding to membrane vesicles
(P3). Binding was measured under equilibrium conditions at 4°C in the presence
of 125 aM sodium at pH 7.0 with (closed circles) and without (open circles) 10
mM calcium. Each point represents four determinations of radiolabeled STX bound
to membrane vesicles (0.2 ag/ml) at the indicated concentration. In the prezence
of calcium, the STX affinity is reduced. From double reciprocal plots auch aas

this one, calciua increassad the apparent dissociation constunt from 0.87 + 0.06
nM to 5.12 + 0.04 nM IH-STX (n=3).
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Figure 8. STX and Calcium protection from THO modification. 3H-STX bindiag
vas messured after the addition of THNO (50-60 mM) in the presence of STX or
calcium at the indicated concentration in the reaction mixture. The data are

« plottsd ss the mean ¢ stendard error of the mean (n=4). Zero STX or calcium
rapresents the modification of the STX binding site by TNO. in some cases TNO
nodification was variable smong different preparations, varying from 10-30% loss
of 3H-STX binding. The srrows indicate the expected protection from TMO modifi-

cation as described in the text.
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ability to protect from chemical modification further supports the hypothesis
that calcium and STX can bind to a common site, vwhich is the toxin binding site.

TMO modifjcation reduces scdium channel block by extracellular calcium

The following expariments were designed to determine whether the TMO modi-
fied site is the same site that binds calcium to reduce the single channel
currents, Figure 9 illustrates the current-voltage relationships of a TMO modi-
fied sodiua channel before and after the addition of 10 =M calcium to the
extracellular side. This toxin insensitive sodium channel appears to be nrarly
insensitive to calcium block following TMO modification. The degree of current
reduction is considerably lowver than that of the unmcdified, STX sensitive
sodium channel cs waa iliustrated in Figure 4 and this can be further demon-
strated by tha following figure,

Jn Figure 10 the amount of current reduction (fract.’.on blocked) in the
presence of calciua is plottad as a function of the applied voltage for both a
normal and a TMO modified channel. At all potentiala, the TMO modified channel
is less sensitive to extracellular calcium than the unmodified aodium channel.
The smooth lines were drawn assuming the fraction of the field sensed by the
blocking ion was constant (D=0.23), while the affinity for calcium at 0 aV (Kq)
wvas varied. The line at the top of the figure was calculated using a Ko of 17.7
alt calciua. The other two lines were deternined as the Ko is increased to 133
and 240 aM calcium. This implies that alterations in the functional groups of
the sodium channel, following TMNO modification, are responsible for draatically
lovering the affinity for caliium. It is not posasible, at this time, to deter-
aine whether calciuam block of THO modified sodium channeis is voltage-dependent

In recent ysars there hcs been considerable interest in the relationship
between the structure and the function of ion channels. This study has used
chemical modification of single sodium channels in planar lipid bilayers to
perturb channel structure and monitor the consequences by recording the chan-
nel’s behavior before and after chemical madification. The aim was to determine
the role(s) played by TNO modified groups on the functional properties of toxin
block and ion permeation of sodiva channels. 'l.is report endeavors to investi-
gate a possible link between ion permeation and toxin binding. Therefore, the
following discussion will center on 7ividence that suggests that a collection of
protein residues (or side chaina) on the sodium channel, referred to as the
toxin binding site, can also bind cations, and that binding to this site is a
necessary step in the ion permeatiosn process.

Discussion.

When added to the extracellular surface of a sodium channel from rat brain
whick has been incorporated into a planar lipid bilayer, TMO eliminated STX and
TTX sensitivity. 3H-STX binding to the rat brain membrane vesicle preparation
(P3) was also eliminated. Furthermore, single channel currents were reduced by
37x% following TMO modification, TNO is a very highly reactive carboxyl modifica-
tion reagent which esterifies carboxyl groups, producing a methyl ester. This
produces a dramatic change in the character of the protein residue. A noramally
negatively charged, hydrophilic group .° modified to & neutral, less hydrophilic
residue. Therefore, the reduced single channel conductance could be due to a
combination of electrostatic and steric factors acting on a permeating ion. Thia
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Figure 9. The influence of calcium on THQO modified channels. The current-
voltage relationships were obtained from sodiua channals incorporated into
neutral bilayers bathed by symmetrical 125 aM sodium. Single chanral currents
vere measur+d following modification by TMO (open circles, n=9; saes Figure 3)
and finally 10 =M calcium was added to the extracellular side. STX (5 nM) added
sfter TMO modification did not block the channela. Ecch point on the dashed line
(closed triangles) representa the single channel current (mean + SENM) at the
indicated potential in 1-3 membranes containing TMO modified sodium channels in
the presence of 10 aM calcium. The data point at -80 aV waa obtained from a
single membrane. These STX insensitive channels are nearly insensitive to cal-

ciunm.
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Figure 10. Fraction of current blocked by calcium. The fraction of current
blocked by the presence of 10 aM extracellular calcium of single channel cur-
rents of normal, STX sensitive sodium channels and TMO modified sodium channels.
The fraction of current blocked by calciuam was deterained from the following
equation! Fb=(1-In/Inax) where Iy and Ipnsx are the magnitude of the single
channel currents in the presence and absence cof 10 mM calcium, respectively, and
were obtained from the data in Figures 5 and 9. The smooth curves were calcu-
lated as described in the text from equation 2 with the following paresmeters: D
is 0.23 and Ko was 17.7, 132.9, and 240 mN calcium (froa top to bottom line,
respectivaly).,
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raises the following questions: 1) Does THMO aodificetion alter the affinity for
sodiua? or 2) Does chemical modification change the maximum rate of sodium ion
rassage through the channel? If one assumes that the maximum transport rate of
ions through the channel ias unaltered, the affinity for sodium has been reduced
about 3.3 fold (see next section). On the other hand, if the affinity for sodium
is not altered due to TMO modification, then the modified residue(s) would cause
the free energy required for sodium ion passage across the membrane to be
increasad by about 1.5, thus lowering the overall ion permeation rate. the next
section will investigate these possibilites in further detail. Due to the simul-
tanecus removal of toxin sensitivity and reduced single channel conductance, the
results in this section demonatrate a link between the ion permeation process
snd the toxin binding and blocking site.

Extracelluler calcium and single sodium channel currents

Vhen calcium was added to the extracellular surface of a sodium channel
incorporated into a planar lipid bilayer, the single channel current was reduced
in a voltage-dependent manner. These results suggest that calcium iors may bind
to a asite on the aodium channel, which is eithar located approximately 23X of
the electrical diatance from the extracellular surface or whose affinity for
calcium may be indirectly influenced by changea in transmeabrane voltage. These
results are in agreement with previous work on macroscopic sodium currents in
frog myelinated nerve (10) and on single channel current in cultured neurcblas-
toma cells (18) The following section will preseat a more detailed and systema-
tic investigation of the dependence of single sodium channel curraent on sodium
and divalent cation concentrastions.

Calcium and STX: A Coordinetion site?

It has been suggested that STX and TTX act by plugging the sodius channel,
with the guanidiniu= group entering the mouth of the channel, preventing ions to
pass. Since guanidinium permeates the sodium channel, this model appears attrac-
tive and links toxin block with ion permeation. In this section, calcium wvas
found to compete for STX block of sodium channels incorporated into a bilayer as
illustrated in Table 2. The on (blocking) rate for STX was found to be decreased
in the presence of calcium, as would be predicted from simple competition.
However, apparent competitive interactions can be more complex and it may be
that calcium introduces an unfavorable steric or charge factor, perhaps at some
secondary location, which would reduce STX binding. Although the exact origin of
the calcium effect is unknown, the apparent Kg for STX “lock was increased about
7 fold in the presence of calcium, ss determined from both steady states and
kinetic anelysis. A 5-6 fold increase was found for 3H-STX binding under siamilar
conditions. In addition, as will be demonstrated in the following section,
sodiun also competes with calcium to relieve block of single channel current.
These results suggest that calcium and sodium cospetitively inhibit STX binding
and block, perhaps by interacting at the same site.

THO modification csused the sodium channel to become insensitive to toxin
blockade and reduced the aingle channel conductance. Prevention of chemical
rodificetion by STX, suggests that the cheaically modified site is the toxin
binding or blocking site. In fact, the ability of STX to protect sgainst TNO
nodificetion can be directly related to its intrinsic sffinity for that site as
shown in Figure 8. The concentration of STX required to prevent half of the STX
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binding sites from being modified was about 3 nM, which is higher than the K4
for 3H-STX binding (abnut 1 nM). Presumably, this may reflect the amount of time
the modification reagent is active. In the presence of 1 nX STX, oa the average,
half of the aites would be occupied by STX. However, since TMO is active for
longer than the mean bound time (1/dissociation rate), STX will dissociate from
some of the blocked sites, thereby rendering more of them accessible to chemical
nodification. A similar concentration-dependent protection of the STX binding
site waa observed when calcium, instead of STX, was prusent (Figure 8). The
eatinated Ki for calcium blockade of single channel currenta was found to be
between 2-9 aM (Table 3); 5 aM calcium wvas acble to prevent half the sites

from being modified by TMO. Calcium, & low affinity blocker, binds and unbinds
at a vary fast rate so that tha Kj for current reduction by calcium refliects the
average time & sodium channel is occupied by the divalent cation. Due to the
nature of calcium block, there may be, in fact, less than 50x of the sites
available for modification at the Ki for calcium block. Although experimants
were performed under very different conditions there is close agreement between
the sensitivity of calcium block of single channel curents and cal-ciuam protec-
tion from TMO modification of the 3H-STX binding site by calcium binding.

Although an apparent complete loss of toxin binding arnd block is observed
after chemical modification, soma ceduction in current is seen in the presence
of calcium. Therefore, toxin binding appears to be lost but the affects of
calcium may still be present. This could be attributed to differences between
the nature of a high affinity and low effinity site. Toxin binding is extrasor-
dinarily sensitive to alterations in STX and TTX structure, indicating that tha
conformation of most regions of these molecules are important for their action.
This suggests that there i3 a corplex interaction between the toxin molecula and
its receptor. Therefore, chemical modification of one or more of thes® groups
(aites) on the channel protein, or on the toxin molecules, would have drastic
effects on the affinity for toxins. However, complicated interactions would not
be expezted for calciuam, a point cherge which would interact with a =2ore re-
atricted region of the protein. Therefore, if TMO is reaponsible for decreasing
the affinity of these sites for calcium, then adding large smounts of calcium or
3TX may produce alterations in the single channel currents expected for very low
affinity blockers.

THO modification was also found to drastically reduce cslcium block of
sodium ion permeation through sodiua channels (Figure 9). Under identical ionic
conditions, calcium blocked unmodified single sodius channel currents “n a
voltage-dependent aanner, but had very little influence on a TMO aodified chan-
nel. At present two possibilities exist: 1) the affinity for the calcium binding
site (or toxin binding aite) is draatically reduced (from 18 mM to over 200 aM
at 0 V) or 2) the voltage-dependent behavior of the site is altersd by TMO
nodification. By incressing the extracellular calcium concentretion to 350-100
afl, one would be able to construct a current-voltage relationship to invesatigate
whether the divalent cation induced reduction in single channel current of a TNO
nodified channel ia voltage-dependent or voltage-independent.. 1t is concluded
that calcius binds to a site located on the extracellular surface, which is a
site intimately involved in toxin binding and block. This site, or region of the
channel protein, can also bind sodium and is & necessary step in the movement or
passage of sodium ions through the sodiua channel pore.
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F. Block of Sodium Channels by Calcium - Effects of divalent cations and mem-

ane surface -harge on ion permeation through sodium channels from rat brain.

Ion transport across biological membranes may be influenced by an electro-
atatic potential difference at the interface bstween the membrane and agueous
solution.These surface potentials may result from fixed charges located on
proteins which are either closely associated with, or imbedded into ths cell
aenbrane, or from the presence of membrans lipids with cationic or anionic head
groups. These fixed charges would tend to deplete ions of the same charge and
concentrate counterions of opposite charge near the membrsne surface. In plasma
seabranes cf many aaamalian cells, phosphatidylaerine (I'S) is the predominent
negatively charged lipid. The purpose of tiis study is to investigate the 10le
of aembrane surfece charge and divalent cetions on the movement of sodium

through open sodium channels.

BTX-activated aodium channels froa rat brain were incorporated into pre-
formed bilayera. Both PE and 70x PS/30x PE meabranes were employed and channel
incorporation occurred resdily in either type of bilayer. The surface charge
density was mesasured for both neutrsl and negatively charged membranes: PE
sembranes possess little, if any, mesbrane surface cherge (about 0.06 chargas/
headgroup) while 70x PS aembrines have a high surteca charge density (about 0.6

charges/headgroup).

1. Varjation of sinale channel conductance with sodjum gongentretion

The conductance of the sodiua channel was deterained froa the size of
unitary current fluctustions in the presence of varying concentrations of
sodiua. Single sodiua channels were incorporated into & preformed dilayer com-
posed of PE, a neutrsl phospholipid. Figure 11 illustratea the veriation of
single channel current as the sodiuam ion concentration on both sides of the
bilayer meabrane was altered. In the presence of 1.0 X sodium on both sides of
the membrane and leas than 100 nM divaelents, the single channel current was
sbout 1.9 pA et -60 mV. When the sodiua ion concentration was reduced to 0.5 N,
the aingls chennel currrent was sbout 1.8 pA. As sodium was further reduced, to
V.025 N, the single channel current decreased to sbout 0.7 pA. This seabrane
contained two sodius channels snd a saall essount of STX (1 nN) present on the
extracellular side to induce discrete single channel current fluctuations to the
closed or blocked state. This maneuver will be used throughout this chapter as s
tocl to accurstely determine the magnitude of the single channel current.

With syamotrical sodius, the current-voltage relationship was linear over
the entire voltage range studied (+90 aV) as shown in Figure 12. These channals
are ohaic, displaying no current rectificsation, indicating symmetry of the
sodium channel protein with respect to ion perseation. The single channel con-
ductance for a sodiua channel incorporeted into s neutral bileyer bathed by
syanetric 300 alM sodium ias 28.9 pS while, it i1s 12.7 pS when the sodium ion
concentration is decreased to 25 aN. In both casea, sodium was the only sonc-
valent cation present, with lesa than 100 nN divalent cations.

Figure 13A illustratea the veriation of the single sodius channel conduc-
tance in neutrel and negatively cherged membrenes as the sodium ion concentra-
tion on both sides of the Dileyer membrane vas slitered. In neutrsl aeambraneas
(PE), the single chennel conductance displays siaple saturation behavior des-
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Figure 11. Single BTX-activated sodium channel current fluctustions. Sodium
channelia froa rat brain were incorporsted into neutral (PE) sembranes. The
solutions contesined ayasetricel 1.0 N, or 0.9 N, or 0.025 M NaCl and less than
100 n¥ divalent cations. The potential in each experiment was held at -60 aV. In
these records upvard current fluctuations represent channel closings and the
zero current levels are indicated by the arrowse. The sembrene at the bottom of
the figure contains two sodius channels and a small sacunt of STX is present on
the extrscellular side. These records were filtered at 150 iz,
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Figure 12. Open channel current-voltsge relationship in neutral meabrsnes.
Sodium channels were incorporated into neutrel seabrenes bathed by ayametrical
25 o NeCl (open circles) or S00 all NeCl (closed circles) and leas than 100 ni
divalent cations. Single channel currents vere ssasured at the indicated poten-
tials. Th» deta points represent sesn * SEN from 7 to 16 membranes. The single

channel c:nductances calculated fros these linesr reistionships vere 12.7 ¢+ 0.2
pS for 2% all sodium and 28.9 + 0.7 pS in the presence of 300 aN sodium.
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Figure 13A. Single channel conductance as a functioa of the sodium i10n :?}.
concentration. Single channel conductance-concentration relationship for l.!l
neutral (closed circles) and negatively charged (open circles) seabranes. Each i}:j:
point represents the siope of lirsar current voltage relationships, as illus- c}jﬁ
trated in Fiqure 12, for sodiua channels at the indicated sodium concentration .zi}ﬂ
on both sides of the sembrane (leass than 100 nf divalent cetions). In neutral ;sjq}
and negatively charged meabranes the conductance can be described by a rectangu- SaR

lar hyperbolis. The dats st esch point wvas detersined from 3 to 30 meabranes.
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cribed by the following relationship:
G = G“x o [(Nal 7 ({Ma) » ‘-’ sese ()

vhers G is the neassured single channel conductance, Gaex is the maximum conduc-
tance, and Ky is the spparent dissocistion conatant for sodium. Sodium channels
incorporated into negatively charged membranes (70xPS) display a similar satura-
tion behavior which is slso well described by a rectangular hyperbola (equation
3). In negatively charged (70x PS) aeabranes, the open single channel current
¥.4 also ohaic over the voltage range studied. The Scatcherd plots of these
resulta illustrated in Figure 13B show that this sisple one ion, one site
relationship holds over the entire sodiua concentretion range studied and that a
rectangular hyperbola accurstely describes the variatioam in single chennel
conductance with syasstric sodius for single sodiua channels in neutrsl and
negatively charged meambranes. In both seabrane types, the single channel conduc-
tance appeurs to satursts betveen 31 and 32 pS in the presence of less than 100
nM divalent cetions. Froa close examinstion of the Scatchard plots, the singla
channel conductance appears not to completely saturate but continues to in-
crease, suggeating either that sore than one ion can occupy the channel only
under extreae ionic conditiona. In addition to saturstion of the single channel
conductance, & sasll shift in half maximal conductance wvas observed as the
bilayer meabrane vas altered. In neutral meambranes, the Ky for sodium is 37 aN,
vhile in negatively cherged bilayers the Ky is 28 aN sodiua.

2. Block by different divalent cations in symastrical sodius

Vhen divalent cations are present in the intracellulsr end extracellular
solutions, a sodiua channel becoaes asymaetric in its ebility to pass inward and
outwerd current. Figure 14A illustrates the effects of addition of three differ-
ent divelent cetions on single sodius chennel currents with symsetricel 123 aN
sodiua., Divalent cations were edded to both sides of aingle sodius channels
incorporsted into bileyer smesbrenes coaspceed cf neutrsl phospholipids (PE) to
ainimize slterations in meabrane surface charge. Single channel current records
vare collected in the presence of low amounta of STX (1-3 nN) to induce diacrete
current fluctustions. Quite independently of the types of divalent cstion pre-
sent, there ves a greater resuction of the aingle channel current st negative
potentials (inwvard sodiua current) than at positive potentiasls (outward sodiua
current). Nangsneae wvas the sost potent inhibitor of both the inward and outward
novenent of sodium through sodius chennels. Negnesius wes only slightly less
potent than calcius: both divalents reduced the inwverd and ocutward current

coaponents.

The current-voltage relationship for esch divelent cetion is shown in
Figure 14B. In the pressnce of divelent cations, there is & cheracteristic
asyasetric current-voltage relationship. The sodiua chennel sppesrs to rectify,
passing outward current far aore easily then inward current. Block of inward
current is dependent on seabrene voltage, in thet ss one hyperpolerizes the
Reabrane from -30 aV to -90 aV, the emount of current reduction is increasad
about 1.5 fold. A similer voltage-dependent block of inward currents vas
reported in the ;revious section vhen only extracelluler cealcium wes present.
Also eech of these divelent cations induced s voltage-independent reduction of
outward currents in which the current-voltage relationship for positive poten-
tials is linear. For calcium and strontius, the outward current is linesr when
nessured up to 140 aV indicating no influence of voltage on the potency of
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Figure 13B8. Scatchard plota of the sase deta, indicating the convergence of
both sets of date to the maxisum conductance of 31-32 pS and & deviation in the

slope indicating s cheange in the apparent disccistion constant (correlation
coefficient wes 0.98 for eech ion).




Figure 14A. The effectas of different divalent cations on single sodium
channel currents. Current fluctustions vere measured at 60 and -60 aV. Each
senbrane contained s single sodiua channel inccrporatad into neutral (PE) mem-
branes with 1235 all ¥aCl on both sides of the membrans and & low concentration of
STX (1-% nN) added to the extracellular aide. Under these conditions, single
channel currents were reduced in the presence of 10 al sagresium, calcium, or
asngaenese on both sidea of the aembrene. The ciosed, or STX blocked, non-
conducting atete, is indicated Dy the srrows. In the nagnesium records the slow
drist in the current is due to the decay of the capapcitative current following

the voltsge cleap pulse.
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Figure 14B. Open channel current-voltage relationships for single channel
membranes such as in 14A. The dashed line representa the control in which the
channels were bathed by 123 aM sodium solution and less than 100 nm divalent
cations. When 10 aM magnesium (closed triangles), or calcium (closed boxes) or
ranganese (closed circles) was added to both sides of the membrane, the asingle
channei currents were reduced The amooth curves were drawn by eye.
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current block.

Both voltage-dependent block of inward current and voltage-independent
block of outward current may be seen more clearly in Figure 14C, where the
fraction of current blocked (Fb) by divalent cations as determined from the
following relationzhip was plotted as a function of voltage:

Fb =1 - (Ia / I.Qx) esss (4)

where Iy is the single channel current measured from discrete current steps in
the presence of the divalent cation, and Igayx is the single chanrel current step
prior to axposure to divaleats. Both components of block were ocbserveu for
sanganese, Ragnesium, and calcium as shown in Figure 14C. At positive poten-
tials, the fraction of outward current reduced by the divalent cation is con-
atant, i.e., independent of the applied voltage. The horizontal lines drawn
between the data points on Figure 14C represent the mean fraction of outward
current blocked by divalents at positive potentials. At negative voltages, there
is an obvious influence of the transameambrane potential on the amount of divalent
cation induced reduction of single inward sodium channel current. The smooth
curves at negative potentials were determined from the following relationship:

Fb = 1 / 1 ¢ (Ko/(Me2*)) » exp(zDFE/RT) ceve (5)

where Fb was deterained froms equation 4, Ko is the concentration of the

divalent vation (Ne2*) which gives half maximal block, z is the valence of the
blocker molecule, D is the fraction of the meambrene field sensed by the blocker,
E ia the epplied voltage, and R, T, and F have their ususl aeanings. The data at
negative potentials follow a Boltzmann distribution (equation 3) and fail to
describe the voltage-independent block of outward current by each divalent
cation st positive potentisla. In addition, the voltage-independent (horizontal
relation) block at positive potentials can not describe the voltage-dependent
block at negative potentials.

A Table 3 shows the relstive potencies of current block by different divalent
cations for the voltage-independent and voltage-dependent components. For each
divalent cation tested the Xi for block was estimeted from the following rela-
tionship:

Ki = (1-Fb~1) = (NMe2*) vees (6)

where Fb ia obtained from equation 4 and (Me2*'] is the divalent cation concen-
tration. For the voltage-independent outward current block, the average single
channel current reduction obtained between 30 and 90 aV was usad to determine
the appsrent inhibition constant for each divalent cation listed in Table 3. For
voltage-dependent block of inward currents st negative potentials for each
divalent cation the values in Table 3 were obtsined froam the non-linear least
squares fit of equation 6 to the data. Note that qualitatively similar voltage
dependence is observed for block of inward current by each divalent cation
axcept for barium (Table 3). This inconsistancy appeers to reside in the lack of
fit of a Boltzmann distribution (equation %), primarily due to the data point at
~30 aV. When this point is omitted, D becomes approxisately 12% and is close to
the value obtained from other divalents. Furthermore, the order of potency of
the divalent cations for the block of inward current is the same for block of
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Figure 14C. Fraction of current blocked va. applied potential for the data
in B. The horizontal lines repressnt the average fraction of current blocked at
poasitive voltages and corresponds to the voltage independent component of cal-
cium induced outward current block. The smooth curves were calculated from non-
linear lesst squares fit of & Boltzmann distribution (equation 3) to the dats
at negative voltages with the following parasmeters: Magnesium, Ko is 11.65 mM
and D is 9.13; Calcium, Ko is 13.0 »X and D 1a 0.19 and:; Nanganese, Ko is 6.2 aM
and D is 0.17. The dashed l'.nes were drawn to connect the voltage-dependent and
voltage-dependent coaponents of divalent cetion block, and indicates the range
of potentials where the dlock was not evaluated.
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outward current. These results suggest a cirect, specific interaction of di-
valent cations for a site, or collection of sites, closely associated with
sodium ion permeation through sodiua channels vhich has the following affinity
sequence: Mn2*>Ca2*>Mg2*>Sr2*>Ba2”.

Table 3. Effect of divalent cations on girgle channel currents.

Ki Inward current block
Pivalent cation outward current block Ki(-80mV) D(x)
Nangesnese 7.9 alt 1.2 s 16.6
Calciua 9.6 aM 2.1 aM 18.8
Magnesium 11.7 st 2.8 aN 12.6
Strontium 23.8 nM 1.8 aM 17.4
Barium 30.9 aN 19.8 aX 6.5

All data points were obtained from 2-6 membranss. The Ki for outward
current block was obtained from the mean fractional block of outward
current at positive potentials and equation 6. The paramcters for
inward curi-ent block were first obtained from s non-linear leasat squares
fit of a Boltzmann distribution (equation 5) to the fractional block of
inward current (negative potentials). Then tha Ki waa determined from
equation 6. Each datas point, for the respective divalent cation, vas
within 0.002 and 0.02 (RMS standard deviation) froam the bes’. fit line.

3. Effoct of Qivalent cations under asyssetric sodjum conditjons

When tha scdius concentration was identical on both sides of the membrane
the sodiua chanue.. current-voltage relationship wvas ohmic (Figure 12).
However, the sodium channel displays a saall degree of apparent current rectifi-
cation under more physiological ionic conditions as shown in Figure 15. Sodium
channels were incorporated into neutral (PE) aembranes with 125 =M NaCl, S aN
KCl on the extre .:llular side and S aN NaCl, 125 al! KC1 on the intracellular
gside and the d.v ::ant cation concentration on both sidas was below 100 nM. The
slope of the currcat-voltage relationship at potentials more negative than -60
aV indicates a single channel conductance for inwvard current of about 19 pS.
¥ith symmetric aodium (125 aM) with no potassium present, the single channel
conductance was 24 pS. When 2 or 10 all calciua was added to the extracellular
side, the inward single channel current was reduced. The influence of transmem-
brane voltage on reduction of inward sodium ion movement is nearly identical to
that found for symmetric sodium conditions. For 10 mM calcium there is about a
48% reduction in inward current at -30 aV and 74x% reduction at -90 aV. Froa
equation 3, the reduction of outward currents is equivalent to calcium sensing
about 27% of the transsembrane field (Ko=17.8 sM calcium). This indicates that
under different ionic conditions, asymmetric vs symmetric sodium, the charac-
teristic voltage dependence of calcium block of inward aingle channel current is
similar and is in close agreement with that found by other investigators (10,
18). In addition, physiological concentrations of extracellular calcium (2 aM)
can reduce the single channel current in a voltsge-dependent manner as illun-
trated in Figure 15. The inward current is raduced by about 20X at -40 mV and by
44% at -90 aV. Therefore, near the norasl resting and threshold potentisls,
under "physiologicel” ijonic conditions, the single sodium chasnnel current is
significantly reduced by extracellular divaleat cations.
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Figure 15. Single channel currents under atylized “physiological® conai-
tiona. Open single chunnel current-voltage relationahips for sodius channels
incorporated into neutral membranes with 125 sN sodiua, 5 mM potassium on the
extracellular side and 5 =M sod/ua, 125 aK potassium on the intracellular side
and less than 100 nM calcium ’ ,pen circles; n=*3), Under these stylized cellular
ionic conditions, reduction of the single channel current is observed after the
addition of 2 N (closed circles) or 10 M (closed trisngles) calcium to the
extracellular side. Each point reprasants the neans +SEX from 2-4 sembranes. The
smooth curves were drawn by eye.
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4. Effect of ssymmetric calcium on gating.

Sesides reducing the single channel current, extracsellular divalent cations
have been shown to influence the kinetic behavior of the open and closed states
of the sodium channel (19). Figure 16 shows the effects cf sltering the divalent
cation concentration on the extracellular side of the sodius channel. Sodiua
channels were incorporsted into neutral (PE) meabrsnes with 250 alf sodium on
both sides. When 10 af calciua was added only to the extrecellular side, the
single channel current was reduced (42%) and the channel spent more of its time
in the closed state. As the sxtracellular calcius was doubled the single channel
current is further reduced (359x%3), the channels spent an increesing asount of
tinme in the closad stats end the shift of the activation curve to more dapol-
srized potentials becomes more dramatic. This is consistent with the results by
other investigetors in that extracellular divalents produced shifts in the curve
that relates sodium channel activation to seabrane voltage. When divalents wvere
added to the intracellular side, at a concentration to equal that on the extra-
cellular side, the reduction in current ressined (about 59%) but the apparent
shift in the activation curve vas eliminsted, presusably by removing usymmetries
in meabrane surface charge produced by asymsetric divalents. The amount of
current reduction in the pressnce of 20 =M extracellular calcium was alaost
identical to the current block when the calciuam concentration was 20 af on both
sides of the bilayer. These results indicete that there are charyed groups on
the intracellular surface of the channel which say influence the gating machin-
ery.

S. Effect of calcium on single chonnel gurrent wnder nermally seturasting
sodiym genditions.

In addition to the influence of voltage, the block of the s.ngle channel
current by divalent cationa is conceatratioa-dependent. Figure 17A shows current
fluctustions in the presence of the indicated concentration of calcium added to
both sides of a single sodium channel incorporated into & neutral membrane with
syasstrical 250 alN sodius. As the concentration of calcium is incressed, the
amount of current reduction or blockade of inward end outward current is in-
cressed. As shown in Figure 14, for esch cslciua concentration, there is &
greater reduction of single channel current at negative potentials than at
positive potentiasls.

The current-voltage relationahip for each calciua concentration is shown in
Figure 17B. The influence of voltage on divalent cetion block of both inward and
outward c~urrent sppears to be independent of the calciua concentration. At eech
calcium ... .centration, the aingle channel current diaplays rectification; out-
vard current is grester than inward current under sysmetrical conditions.

Separation of voltage-dependant block of inward current and voltage-inde-
pendent block of outward current can be more clesarly illustreted in Figure 17C,
vhere the fraction of current blocked (deterained from equation 4) is plotted
as & function of voltage. Aa the concentration of calcium is incressed, the
singla channel current is reduced and the influence of voitage remeins unal-
tered. The lines in the figure were detersmined from equation 5 as described for
Figure 14C. At positive potentials, the horizontal lines are calculated froa the
sean current Llock for the voltage-independent component. The smooth curves at
negestive potentiels were obtained fros s Boltzsann distribution (equation 5)




250 mM Na {in & out) =80 mV

p‘..' . [ ] -y «Q g . A o c.

- ) . L. ' . 10 mM Ca (out)
e O R T R R B eI N o Ems.

T T O o il gy p T g ki - ii’iis, 20 MM Ca (out)

= i . i i ™ iy 20 ™M Ca (in & out)

4 pA
S sec

Figure 16. Influence of calcium on aodium chenne. gating. Two sodium chen-
nels were incorporated into neutrsl (PE) membranes hathed by symsetrical 250 aN
sodium. At -80 aV the channel was open for more than 835% of the time (in the
presence of BTX). When 10 aN calcium is added to the extracellular side the
single channel currents are reduced and the channels spend an increasing amount
of time in the closed state. Increasing calcius to 20 aN further reducea aingle
channel currents and increases the time the channel spends in the closed state.
When the calcium concentration is equalized by the addition of 20 al celciuam to
the intrecelluler side, the single channel current reduction resains unsitered,
however the channel is nearly always open as prior to calcius esddition.
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Figure 17A. Single sodiua chennel current fluctuations in the presence of
incresasing concentrations of calciua on both aides of the bilayer. Single sodium
channels vere incorporsted into neutral (PE) bileyers with ayametricel 230 aN
sodius and & low concentration of STX (2-3 nN) on the extracellular eide. The
current recorda shown were tsken st 60 and -60 aV; the closed atstes are indi-

cated by the arrowas.
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Figure 178. Open channel current-voltage relationship for sodium channels
under conditions identical to those in A in the absence of divelents (dashed
line) or in the presence of 5 al calcium (closad triangles), 20 aM calcium
(closed boxes), or 40 aN calcium (closed circles) on both sides of the meambrane.
Each point reprasents the aeans ¢ SEN obtained from 2-8 membranes. The sacoth
curves were drawn vy eye.
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Figure 17C. Fraction of current blocked vs. potentiai. The dats were ob-
teined from B and the lines were drawn as described for Figure 14, The pare-
asters for the Boltzmenn distibution are as follows: For 40 al calcium the Ko is
62.7 aif and D is 0.27; for 20 aM celcium the Ko is 27.9 nN and D is 0.16 end:
for S sl celcius the Ko is 27.8 aN and D is 0.22. As described before, the
deshed line indicetes the renge of potentials vhere Fb wes not evaluated.
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and repressnts thae voltage-dependent cosponeat of divalent cetion block of
sodiua ion movement through single sodium channels.

Figure 18 illustrates the satursting behavior of divalent cetjon block.
Figure 18A is a plot of the fraction of current blocked as a function of the
calcium concentration (aysmetric) at 90 and -90 aV. Note the satursting behavior
of both inward and outward current block. The amooth curves were drawn from the
following relationship:

Fb = (Fbpax * (Ca2*1) / ((Ca2°] + Kj) o (D)

vhere Fb is the fraction of current blocked obtained from equation 4, Fbpax is
the theoretical maximum blockable current, (Ca2*) is the free calcium concentra-
tion on both sides of the incorporated sodiua channel, and X; is the appsrent
inhibition constant for calcium block, Froa thae double reciprocal plots in
Figure 18B, divalent cation block appears to saturate for both the voltage-
independent (90 aV) and voltage-dependent (-90 aV) components. Furthermors,
becsuse of the cilose fit of equation 7, the data asuggest that one calcium ion
interacts with aach sodium channel to block the movement of sodiua through its
pore. The X-intercept or apparent calcium affinity for current block is differ-
ent for each potential. The K; for calciua is 4.4 af at -90 sV and 9.8 sl st 90
aV. In addition, the Y-intercept or Fbapax changes with potestial (see below).

Table 4 liats the Ky and Fbugy for calciuam block at Gach potential, deter-
ained from Scatchard plots of the dats in Figure 18. The applied voltage sppesrs
to reduce the epparent Ki for calcium for inward current (4.4-10.3 al) and has &
ssaller influence on cslcium affinity of outward current reduction {6.4-9.8 all),
In fact, the effect of voltage on the calcius affinity for reduction of the
outwerd current 18 negligible, if one omits the 90 aV determinstion (6.4-7.4
all). Although the current-voltage relationship for ponitive potentials providea
no indicstion of non-linearity, i.e., block of outwerd current appears to be
voltage-independent, there appears to be & small influence of voltage on the Kj
and Fbagx, the pacaneters detersined from dats transforsations. By close inspec-
tion of these parsaetars at 90 aV, not only does the K; increase dbut the Fbapgy
increases, suggesting s possible interaction between the two paraseters which,
at present, cannot be explained. For inward current block by calciuam, the appar-
ent voltage dependence vas deterained froa the folloving equation which is
derived from the Boltzmann distribution (equation 5)¢

wvhere E 18 the applied potential, z is the valence of the blocking ion, D is the
fraction of voltage sensed by the blocking ion, Ko is the appsrent affinity
constant for the divalent cation blocker at O aV, and R, T, and F have their
ususl meanings (10). The distribution of the sppsrent inhibition constant (Kj)
for cealcium at negative voltagea (i.e., invard current block) indicates that the
site of calcium action is located sbout 28X of the electric field froa the
extracellular side. In addition, Fbaeyx ia influenced by the applied voltage.
Vhile positive voltages appear to have & small influence on the maximus current
reduction by calcium, st negative volteges the maximum Fb epproaches one. Quali-
tatively sisilar results vere observed by strontium block of inwvard and outward
currents (dats not shown). However, the Kj for strontius t10.9 alf at -60 aV) {a
higher than calcium, reflecting its lower affinity. :
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Figure 18A. Saturstion of current block by sysametrical celciua in the
presence of 250 aM sodius. Plot of the fraction of current blocked at 90 and -90
sV at the indiceted calcius concentretions. The dets wvere obteined from current-
voltage relationships like those of figure 17B. The curves were cealculated as
described in the text, and the psrsmeters were obtsined froam Table 4.
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Figure 18B. Double reciprocal plot of the data in A. Note the changes 1in
the spparent inhibition conatant as shown by the difference in the x-intercept.
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Table 4. Ki and Fbygy for calcium hlock with symsetricel 2350 aM sodium.

Voltage Voltage
(aV) Ki¢ai) Fbaax (aV) Ki(al) Fbmax
-30 10.3 0.76 30 6.4 0.55
-60 6.7 0.78 60 6.6 0.59
-70 7.2 0.86 70 7.3 0.63
-80 4.6 0.8} 80 7.4 0.62
5¢ 4.4 V.80 90 9.8 0.71
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Values wvere obtained froa Scatchard analyais of data from those of
Figure 18A. The correlation coefficient for the lineer regression lines
ranged between 0.90 to 0.99 and each point represents dats collected
froa 3-6 meabranes.

6. Effects of calcium at normally non-saturating sodium concentrations.

Sinilar effects of calciua are observed at sodium concentrations where the
single channel conductance is not saturated. Figure 19 is a plot of fractional
blocked current (Fb) va symmetric calcium addition at 90 and -90 aV, under the
sane conditions as Figures 17 and 18, except that the sodium concentration has
been reduced to 75 aM. The smooth curves were drawn froa equation 16. Under
these coniitions, the reduction in single channel current displays saturating
behavior nimilar to that observed with symmetric 230 all sodium. Similar changes
in the K, for calciuam and Fbypgy with spplied potential were observed, however,
the appearent inhibition conatant for calcium block is higher than that at 2350 =N
sodium. Fbpex &t negative potentiasls (inwerd current block) varied between 0.71
at -30 aV to 0.85 at -90 aV, wvhile st positive potentials (outward current
block) it was between 0.60-0.69. The apparent inhibition constent (Kji) for
calciua for block of inward current was between 1.2 sk st -30 aV and 0.47 =M et
=90 wV. For outward current block, the K; was between 1.2 and 1.6 al calcium,
Under identical conditions, with the addition of strontium as the divalent
cstion blocker, siailar alterstions in the Ki for strontium and Fbggay were
observed with voltage. However, the absolute values of the Ki; for strontium (2.7
»M at -60 aV) are higher due to strontium’s lowver blocking affinity. Further-
aore, the Ki for atrontium at 230 aM sodium is higher than at 75 a¥ sodium.
These results suggest coapstition between the divalent blocker and sodiua (the

peraeating ion).

7. Compatjition between calcium and sodium.

The following illustrates compstition between the divalent cation and the
perneating ion. Figure 19 shows the fraction of current blocked by aymametric
addition of 10 aN calcium, ss the sodium ion concentration on both sides of a
neutrsl (PE) membdrane is altered. As the sodius ion concentration is decreased
from 730 to 73 aN, the frection of current blocked becoses greater. However, the
voltage-dependent and voltage-independent cosponents of block are still evident.
The linea in Figure 20 were calculsated aa described above for Figures 14C and
17C: at negstive potentisls the smooth curve represents the non-linesr least
squares fit of a Boltzmenn distribution to the fraction of inward current
blocked by celciun, while st positive potentiasls, the block of outward current
is independent of voltage.
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Figure 19. Saturation of fraction of current blocked by calcium in the
presence of 75 aM sodium. Data was obtained as in Figures 17 and 18 in which the
fraction of current blocked was evaluated at the indicated calcium concentra-
tions on both sides of the membrane st 90 and -90 aV. Each point represents the
neans ¢+ SEN from 2-3 sembranes. The curves were determined as dascribed in the
text with the following paraseters: &t -90 aV Ki is 0.47 al calcium and Fbgax is
0.84; at 90 mV K4 ia 1.47 sl calcium and Fbpayx is 0.7. Note the similarity to
that of Figure 18A.
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Figure 20. Competition between calcium end sodiua. Fraction of current
blocked ve. applied potential for syssetric 73, 250, and 730 all sodium in the
presence of 10 a¥ calcium on both sides of the meabrane. Sodium chennelas vere
incorvorated into neutral sesbranes and each point represents the mesns *SEN for
3-8 menbranes. The lines in the figure were deterained as in Figures 14 and 17.
The parasaeters for the Boltzmann diatribution are as follows: For 7% aN sodium
the Ko is 7.7 al for calcium and D is 0.17; for 250 alfl sodium the Ko calcium is
28.6 nM celcium end D 18 0.18 and; for 730 aM sodium the Ko is 93,0 sM calciua
and D s 0.12,
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¥hen sodium channels are incorporated into negatively charged membranas,
nearly identical results ure observed as illustrated in Figure 21. The fraction
of current blocked at -30 aV is plotted as & function of the sodium ion concen-
tration on both sidea of the mesbrane for both neutral and negative membranes.
Even at low ionic conditions, where the effects on ion persmeation of calcium
induced alterations in meabrane surface charge would be more proainent, no
difference can be observed. Upon evaluating these results at all potentials,
there was no significant difference of calcius block of sodium channels incor-
porated into negative or neutral meabranes. However, at e few potentials, a
anall (3-10%) diffecence wvas observed and occured only at high socdium concentra-
tions (above 300 mN), similer to those observed in Figure 21. Therefore, it
appears thet seabrane lipid surface charge plays little, if any, rcle in the
block of sodiua channels by divalent cations.

The results in Figure 20 and 21 suggest competition between the divalent
cat:on and sodium. Figure 22A iilustrates the variacion in single channel cur-
rent as the sodivm ion concentration is altered in the absence and vresence of
calcium. In the absence of divalents, the single channel current (at -60 aV) is
described by a rectanqular hyperbola as wvas shown in Figure 13A. In the presence
of 10 all calcium, the singie channel current increases as the sodium ion concen-
tration is increased, approaching that of controls, where calcium is absent. The
saooth curve was caiculated from a varistion of equation 3:

Islpax®iNa*}/( [(Na*l+Kg).

These results suggest that calcium compete3d with sodiua in reducing inward
single channel currents.

The double reciprocal plot of single channel current ve sodium in Figure
225 reveals a large change in the apparent Ky for sodium in the presence of
calcium, vhile only a small change in the maximsum conductance was observed. In
the presence of calcium, the appasrent Ky for sodium is increasad from 37 =N to
about SO0 aN. Similsr results were obtained for all applied potentiala. The
apperent dissociation constant for sodium varied from 1350 to 250 aM at positive
potentials, where cutward current biock is independent of voltage. For the
voltage-dependent component, the apparent dissociation constant for sodium in-
creasad fros 300 aM at -30 aV to about 1.2 M &t -90 aV. In addition, strontium
displays similar competitive intersctions with sodiua. At -60 mV, the apparent
Ka for sodiun is increased to sbout 300 a¥ in the presence of 20 a¥ strontium.
From enzyme kinetics, a competitive inhibitor is defined as a substance (e.g.,
cslcium) which cosbines with a receptor (sodium channel) preventing substrate
(e.9., sodium) binding, so that the binding of the substrate and inhibit~~ is
autuslly exclusive. In this exasple, sodiua binding to the sodium channel re-
sults :n current flow end calcium inhibits the movement of sodium through sodium
channels. With this schese, the sodium channel’s affinity for sodium ions will
be reduced in the presence of the inhibitor while the maximum current will be
unaltered. Although the Ky for aodium is drastically increased, the apparent
maxXimum current 18 silso increased as indicated by a change in the y-intercept in
Figure 22B in the presence cf 10 aM calcium. At more negative potentials, the
theoretically detersined maximal current is increased by about 2. Thersfore, the
exact type of interaction between sodium may be more complicated than simple
competition (see below).
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Figure 21. Lack of en effect of meabrane surface charge on the competition
between calcium and sodium. Fractior of current blocked by symmetric 10 nM
calcium at the indicated sodium concentratiocns. The single channel currents were
evaluated at -30 aV in neutral (closed circles) and negatively charged (open

circles) membranes.
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Figure 22A. Competition between sodium and calcium. Single channel cur-
rent as a function of the sodium ion concentration in the absence (closed
circles) and presence (open circles) of 10 aX calcium. Single sodium channel
current fluctuations incorporated into neutral membranes were evaluated at -60

aV and were obtained froa experiments as in Figure 20 and 21. The curves vere
determined as described in text.
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Figure 22B. Double reciprocsl plots of the data in A. Note the change in

the X-intercept, indicating that the spparent dissociation conatant for sodiunm
(Ka) in the presence of calcium.
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Effects of alterations in the ionic and sembrane phospholipid environment

on current through single sodium channels have been analyzed to gain information

about the structural organization of the sodium channel. The following discus-

sion will focus on the relative effects of mesbrane surface charge and divalent
cations on sodium ion movement through the sodium channel pore.

1. Characterjstics of the single sodium channel gonductance.

The results presented above demonstrate variations in the conductance of
single sodium channels in planar lipid bilayers, .vhen expcsad tc different fonic
conditions. In addition to the influence of divalent cations on single channel
currents, which will be discussed below, changes in the amount of sodium present
at the intracellular and extracellular end of the sodium channel may also in-
fluence the movement of sodium through sodium channels. A clear example can be
seen when one compares Figure 14 and Figure 15 in the absance of appreciasble
divalent cations (less than 100 nM). When the sodium ion concentration was
synmetrical (125 aN) the s.ngle channel conductance was 24 pS. However, under
atylized “physiclogical”™ conlitions where there is a asmali amount of potassiuas
present on the extracellular side and a large amount on the intracellular side,
the single channel conductance was about 19 pS. Even with physioclogical concen-
trations of monovalent cations, the single sodium channel conductance in the
absence of divalent cations is higher than the 2-135 pS which has been reported
for other sodium channels using patch clamap (18,20). The apparent discrepancy is
probably due to the presence of divalent cations at the external surface of
sodium channels in intact cells. In those reports, the extracellular solutions
contained 0.5-50 mM Ca2* and/or 1-2.5 mM Mg2*, both of which are capable of
reducing the single channel current as illustrated in Figure 16. In this study,
with cellular ionic conditions, 2 all calcium added to the extracellular aide of
sodium channals reduced the single channel current about 30X at -60 aV (Figure
15) (18). By correcting for these alterationa in the ionic environment, the
values for single channel conductance reported here are close to those reported
in the literature for a variety of cell types. However, the degraee to which BTX
effects the movement of sodium through sodium channels or the block by divalent
cations is presently unknown.

2. 3ingle channel saturation

Sodium ions permeate through ion channels by a process different from
simple diffusion. The sodium channel contsins at least one binding site located
within the transmembrane field that is accessible from either the internsl or
external cellular environment. The raesults presented above demonatrate that the
magnitude of current through a single sodium channel is a function of the ionic
composition of the solutions which bathe the intracellular and extracellular
surfaces. As the sodium iorn concentration is increased symmetrically, the single
channel conductance incresases non-linearly. In fact, the relationship between
single channel conductance and sodium saturates as the sodium ion concentration
is raised above 200 mM and is described by & rectangular hyperbola. Similar
results vere obtained with skeletal muscle T-tubule sodium channels (21). Early
analysis of voltage-dependent aeabrane conductances assumed that ion movement
through bioclogical menbraries is independent of the presence or concentrations of
either permeasnt or impermeant ions (22)., However, an obvious deviation from tle
“independence principle” is demonstrated by the saturation of the single sodium
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sodiua channel, with its lipid environment, incorporates into the bilayer, some
native lipid domain froa the Drain sembrane vesicle remsins esround the channel,
inaulating it froa the bulk lipid coaposing the bilayer meabrane. At present one
cannot exclude this possibility. However, based on the calculations above, the
chanrel protein is large snough to account for the insulation of the ion permea-
tion pathway fros the mesbrane surface environsent.

4. Divalent gatijons and ion permeatjon.

Block of the ion permestion pathwey by divalent cations has been attributed
to two main factors: non-specific screening end a direct. mors specific intersc-
tion between the divalent cation snd the sodium chennel. Both factors may either
separately, or in concert, influence sodium ica movesent through sodius chan-
nels. The following discussion will focus on the evidence for s direct interac-
tion of divalent cations with the sodiur chennsl.

The charscteristic behavior of all divaleat cations tested was that the
reduction in aingle channel current consiated of two components, a voltage-
dependent block of inwerd current and a voltage-independent block of outward
currents. This is clearly seen in Figures 14C, 17C, and 20. The voltage-depen-
dent component appears to occur by divalents biading to s site loceted approxi-
nately 20-25% of the electrical distance froa the extracellular surface. In the
previous chapter, 10 aM extracellulasr calcius reduced the inwvard current in s
voltage-dependent amanner. This current reduction is nearly identical to that
obtained by sysmetrical 10 aM calciuas (about 60X at -60 aV), In eddition,
reduction of outward currenta by sysmetric calcium (10 aN) is about 2.6 times
greater than that observed by extracellular calcium slone (10 mN) st the sanme
potential with sysmetrical 125 mN sodium, Therefore, it appeers that the vol-
tage-dependent and voltage-independent compconents of divalent cation block are
distinct.

Kany different divalent cations were found to reduce the single channel
currents. The order of efficacy was Mn2*>Ca2*>Ng2*>Sr2*>Ba2*. In this report,
biock by all divalent cations had similar characteristics and the apparent
voltage dependence for the current reduction wea similar, suggesting that di-
valants bind to a common site locsted on the sodium channel. Bariua was the only
divalent cation whose ability to reduce single scdium channel currents appeared
to be less dependent on voltage. The binding sequence is the same for the
voltage-independent block of outward current as vell. The sequence for blocker
potency is also quite different from that cbsstrved for divalent cation binding
to phospholipids. For example, phosphatidylserine (PS), which is the most common
negatively charged phospholipid found in most mammalian cell membranes has the
following divalent cation binding sequence: Mn2*>Ba2*>Sr2¢>Ca2¢>Ng2*. These
results support the notion that the site st which divalent cations interact to
reduce aingle sodium channel currents is not a phoapholipid headgroup, but is
part of the sodiums channel. Furthersore, addition of mesbrane surface charge or
alterations in the permesnt ion concentration appesred to have no effect on the
characteristics of calcium block of the single sodius channel current. These
results suggest that the effects are specific for the channel and not an in-
direct effect of alterations in membrane surfece potentials.

An intereating question arises when evalusting the total fraction of cur-
rent which can theoretically be blocked by divelent cations. As seen from the
saturation curves in Figure 18A end 19 at -90 aV, the maximua blockable current
does not approech 100%x. The most probable explsnation is that caelcium ions

63



chanrel conductance. This suggests that sodium iona do not move independently
through the aqueous pore of the sodium chennel as if in solution, but instead
interact with at least one site located within the sodium channel pore as they
pass through. Furthermore, due to the fit of the data to a rectangular hyper-
bola, there appears to be a single saturable binding sita in which one sodium
ion (substrate) can bind to one sodium channel (receptor). Therefore, the chan-
nel appears to operate as a3 single ion channel in which no more then one ion can
cccupy the pore at one time (23-26) at lsast within the sodium concentration
range studied (0 - 1 M). These non-linesrities or interactions are further
guides to the microscopic energy wells and peaks within the channel in which a
sodiun ion must pass 8s it crosses the membrane snd fora the basis for an
vrqoing rate theory analysis of ion permeation through the sodiua charnel.

3. Effect of membrane surface charge.

In this section, the questicn of the extent to which membrane surface
charge affects ion permeation 18 discussed. Several investigators have reported
that sodium channels are relatively insensitive to alterations in meabrane
surface charge as detersined by extracellular divalent cation addition. In this
report, the effect of membrane surface charge vaa determined directly, in the
absence of divalants. Cne aight expect that incresses in membrane surface charge
could cause accumulation of positively charged sodium ions near the mouth of the
channel, thereby increasing the local sodium i1on concentration (27,28). This, in
fact, would explein the small, almost negligible decrease in the apparent disso-
ciation consatant for sodium in the presence of negatively charged mesmbranes as
observed in Figure 13. Furthermore, alterations in membrane surface charge did
not affect calcium induced reductions in single channel currents as illustrated
in Figure 20. Even st low ionic strength, where the affects of alterations in
senxbrane surface charge would be expected to be greatest, none were obLerved. In
fact, a minimal effect of membrane surface charge on calcium induced reduction
of sodium ion movement was observed only at high sodium concentrations (greater
than 500 a}), an unexpected result based on present theories on electrostatic
forces or potentials adjacent ‘» membranes. Furthermore, the characteristics of
caicium block at 75 and 250 aM aymmetrical sodium were nearly identical, sugges-
ting a lack of significant contribution of the seabrane lipid environment to the
ion entry into the channel, indicating that the mouth of the channel is, to some
degree, inaulated from the meabrane lipid environment. .

These results might be expected based on current ki~ wledge of the molecular
structure of the sodium channel. Assuaing that the sod‘um channel protein h's a
molecular weight of 300,000 and (s arranged as a cylincer, 80 Angatroms in
length, the surface area of the face of the channel exponed to the intracellular
and extracellular solutions would be about 80 angstroms i1n diameter. Levinason
and Ellory (29) using irradiation inactivation, deterained that the sodium
channel behaved as a spherical protein, which spans a lipid bilayer, alsoc asbout
80 angatroms in diameter. A channel protein of this 3ize would not permit ihe
mouth of the sodium channel or ion permeation pathway to be significantly in-
fluenced by the lipid enviroment or alterations in its surface charge (27). This
calculation se-~umes the surface of the channel is flush with the membrane phos-
pholipid surfaca. Alternatively, the channel may extend cut into the extracellu-
lar solution from the plane of the membrane.

An alternstive explanation for the inability of added membrane surface
charge to influence sodiua permeation through sodium channels ia that, when a
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perneate the sodium channel, thereby cerrying sose fraction of the totsl ionic
current. However, the maxiaum fraction of curreant blocked (Fbpqy) by calcium is
lover at -30 aV than at -90 aV. It seess unlikely that calciums ions perazeate at
s higher rate at low potentisls than st higher potentisls. In addition, attempts
to detect divalent cation perseation of aodium channels in the absence of mono-
valent cationa have been unsuccesaful. At 250 end 75 =N sodium, Fbpax reaains
conatant at positive potentials (about 0.6), where the current reduction is
independent o voltage. At negative voltages, which favor the voitage-dependent
component, Fbpgx increases froa about 0.6~0.9 as the membrane becomes more
hyperpolarized. These observetions are inconsistant with cslcium permeating the
sodium channel and argue against a simple blocking model. These results indicate
that the exact nature of divelent cation interection with the sodium channel say
be more cosplicated then can be described by a simple rectangulsr hyperbols,
even though the data appeer to be well fit by this type of asnalysis.

S. Extracellular celciym and sodium channel gating.

In addition to the reduction in siugle channel current by divalent cations,
extracellular calciua can influence the gating sachinery of the sodiua channel,
causing the channel be closed at potentisls whers it would noraally be open
(Figure 16). In this exanmple, it is clesr that the single channel current is
reduced by calciua. However, the average current is reduced to a greater extant,
due to a decrease in the length of time the channel is open. Thus, extracellular
calcium alsoc reduces the macroscopic (aversged) sodium current by reducing the
probability of channel opening. Similar effects of extracellular divalents have
been reported before (19,30).

6. Competition between sodium and calcium.

If the sodium channel operates as a single ion channel, then, as the
permeant io.. (sodiuam) concentration ia increased, the potency of the divalent

blocker should decrease. In thias chapter, & difference in K; for calcium in

reducing single channel currents at 250 and 73 aN sodium (symmetrical) suggested
competition betweon calcium and sodium. As the concentration of sodium was
increased, the apparent inhibition constant, Ky, was incressed. However, the
general charscteristics of the voltage dependence of inward current block and
the voltage-independent ocutward current block vas retained. When divalent cation
block was studied under a wider range of sodium jion concentrations (50-1000 aM),
divelents were found to be less potent as sodiua was increased. These alters-
tions in current reduction were consiatent with divalents coampeting with sodium
for a coamon site locsted on the channel. In the presence of 10 aN calcium or 20
al strontium, the channel’s apparent affinity for sodium is decreased over 100
fold. However, the saximum current is slightly altered in the presence of di-
valents and appears to be dependent on voltage. These results suggest & forw of
competitive interactions between sodiua and calcium however, the exact mechanisa
is, at present, unknown.
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G. CALCIUM CHANNEL3 FROM RAT BRAIN IN PLANAR LIPID RILAYERS.

Voltage-dependent calcius channels froa rat brsin wvere incorporated into
plenar lipid bilayers (Melaon, French, Krueger, 1984 (12)). A meabrene fraction
from rat brain medisn eminence vas used as a source of these channels because
thet region of the brain consists prirerily of nerve terainals. Nervc terminals
are thought to have s high concentration of calcium channels. These brain
single calcium chennels have the following properties:

1. Selectivity: These channels selact for calciua, barium, strontium, san-
ganess over sodium, potassium, chloride, lanthanum, cadaius,

2. Unit Conductance: Bariua (8-9 pS) > Cslcium, Strontius (35-6 pS) > Nan-
genese (3-4 pS) as reported 12 Nelson et sl. (31) and Nelson (32).

3. Voltage-dependence: HNeabrane depolarization increassed the opening rate
conatant and decreassd the closing rate constant (31). The relationship between
tha probability of the channel being open and voltage could be deacribed by the
Boltzaann equation with an “spparent gating charge" of 1.5-2.0 (32),

4. lon-dependence of kinetics: It has been traditionally thought that the
kinetics of an ion channel are independent of the nature of the ion carrying
charge through the channel. A a/gnificent finding of our atudies was that the
nature of the permeant divalent cation not only affected the single channel
conductance, but it also affected the channel’s closing rate constant (i.e.
nean open times), with the sasme order of potency, i.s. Barium > Calcium, Stron-
tium > Nangesnese (31) (Figure 3). This observation suggests that coapetition by
the perseant ions for coamon sites in the channel may regqulate both the rats of
ion passage through the channel and it’s closing rate (i.e, occupancy of a site
in the channel by a permeant ion would impede channel closing). Thias suggestion
is further supported by the obaservation that the addition of asngsnese to solu-
tion containing & aore persmeant ion both decreased the single channel conduc-
tance and closing rate constant (32).

S. Block of channel by inorganic calcium channel blockers: A variety of
inorganic jons including cadajum, cobsit, nickel, manganese, and lanthanum can
reduce calcium currenta in many preparations. We found that these inorganic
calcium channel blockers reduce the single channel current in a dosc dependent
nanner, with the order of potency being lanthanus > cadajium > manganese (Figure
6) (32). The efficacy of block depended not only on the naturs of the blocking
ion but also the nature of the permeaent ion. The block was consistent with one
blocking ion binding to & site in the channel and thereby impeding ion flow
through the channel.

Recent work reported in Nelson (13) has demonstrated that these brain
cslcium channels sre also slightly permeable to Mn** and that Mn** can also act
as & blocker of Sr**, Ca*®’, and Ba** peraesation throught the channels. As
expected, of the divalent cations tested, Nn** had the smallest single channel
conductance (4 pS) but displayed the longest open dvell times. Evidence is also
presentad that permeant divalent cations must interact with at least two binding
sites in traversing the channel pore.
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